We predict a thin diffuse component of the Galactic Ridge X-ray emission (GRXE) arising from the scattering of the radiation of bright X-ray binaries (XBs) by the interstellar medium. This scattered component has the same scale height as that of the gaseous disk (∼ 80 pc) and is therefore thinner than the GRXE of stellar origin (scale height ∼ 130 pc). The morphology of the scattered component is furthermore expected to trace the clumpy molecular and HI clouds. We calculate this contribution to the GRXE from known Galactic XBs assuming that they are all persistent. The known XBs sample is incomplete, however, because it is flux limited and spans the lifetime of X-ray astronomy (∼ 50 years), which is very short compared with the characteristic time of 1000-10000 years that would have contributed to the diffuse emission observed today due to time delays. We therefore also use a simulated sample of sources, to estimate the diffuse emission we should expect in an optimistic case assuming that the X-ray luminosity of our Galaxy is on average similar to that of other galaxies. In the calculations we also take into account the enhancement of the total scattering cross-section due to coherence effects in the elastic scattering from multi-electron atoms and molecules. This scattered emission can be distinguished from the contribution of low X-ray luminosity stars by the presence of narrow fluorescent K-α lines of Fe, Si, and other abundant elements present in the interstellar medium and by directly resolving the contribution of low X-ray luminosity stars. We find that within 1
Introduction
The unresolved or apparently diffuse X-ray sky is composed of an isotropic component originating in extragalactic sources such as active galactic nuclei, the cosmic X-ray background (CXB) (Giacconi et al. 1962) , and a component confined mostly to the plane of our Galaxy known as the Galactic ridge X-ray emission (GRXE) (Worrall et al. 1982) . The latter presents prominent emission lines at 6-7keV, which if produced by highly ionized elements in a thermal plasma would imply a temperature of 5-10keV (Koyama et al. 1986 (Koyama et al. , 1989 Tanaka 2002; Muno et al. 2004; Revnivtsev 2003) . A plasma with such a high temperature could not be gravitationally bound and remain confined to the Galactic plane (Koyama et al. 1986; Sunyaev et al. 1993; Tanaka et al. 1999; Tanaka 2002) , suggesting that the GRXE cannot be truly diffuse. One solution that has been explored is for the GRXE to be composed of unresolved stellar sources with low X-ray luminosity. Evidence of this includes the correlation of the emission with the stellar bulge and disk (Yamauchi & Koyama 1993; Revnivtsev 2003; Revnivtsev et al. 2006 ), the resolution of over 80% of the emission in a small region of the sky (Revnivtsev et al. 2009) , and the similarity of the GRXE spectrum with the one produced by the superposition of the spectra of the low X-ray luminosity sources expected to contribute to the emission (Ebisawa et al. 2001 (Ebisawa et al. , 2005 Revnivtsev et al. 2006; Morihana et al. 2013) . The nature of the GRXE is, however, still not conclusively resolved. Sunyaev et al. (1993) suggested that a part of the GRXE may arise from diffuse gas and be composed of radiation from the compact X-ray sources scattered by the interstellar medium (ISM). This component of the GRXE would also have a K-α line from neutral iron in the ISM. Koyama et al. (1996) , using observations from ASCA, first resolved what was initially thought to be a 6.7 keV iron K-α line from the Galactic center into a 7 keV and 6.7 keV lines from highly ionized H-like and He-like iron, respectively, and a 6.4 keV line from neutral iron, supporting the prediction of Sunyaev et al. (1993) . This was later confirmed using Suzaku observations by Koyama et al. (2007) and Ebisawa et al. (2008) .
Our Galaxy is sprinkled with X-ray sources such as lowmass and high-mass binaries (LMXBs and HMXBs), supernova remnants, pulsars, and recurring novae. The X-ray radiation from these sources is scattered by free electrons, atomic and molecular hydrogen, helium, and heavier elements present in the interstellar medium. This reprocessed radiation would be seen by us as a truly diffuse component emission, approximately tracing the gas distribution in the There have been a number of attempts to test the hypothesis that the GRXE is composed of discrete low-luminosity stellar sources (Ebisawa et al. 2001; Muno et al. 2004; Ebisawa et al. 2005; Revnivtsev et al. 2006 Revnivtsev et al. , 2009 Morihana et al. 2013 ) using Chandra and X-ray Multi-Mirror Mission (XMM-Newton) observatories. Revnivtsev et al. (2009) succeeded in resolving ∼ 80% of the emission in a narrow band around 6.7 keV into point sources in a small region of the sky of 16×16 arcmin centered at l = 0.08
• , b = −1.42
• . The resolution of the GRXE into point sources in the Galactic plane has proven more difficult because of the difficulty in separating out extra-galactic sources and insufficient sensitivity and angular resolution to resolve the weak but densely populated Galactic sources. Indirect evidence that weak X-ray sources such as cataclysmic variables and coronally active binaries form a significant component of GRXE came from correlating the GRXE with the nearinfrared Galactic emission, expected in this case since these sources trace the old stellar population. Revnivtsev et al. (2006) used data from the Rossi X-Ray Timing Explorer -Proportional Counter Array (RXTE/PCA) to show that the 3-20keV component of the emission traces the stellar mass distribution and is well fitted by models of the Galactic stellar bar and disk from Dwek et al. (1995) , Bahcall & Soneira (1980) , Kent et al. (1991) , Freudenreich (1996) , and Dehnen & Binney (1998) . Using results from Sazonov et al. (2006) , Revnivtsev et al. (2006) also found that the GRXE broad-band spectrum is very similar to the superposition of the spectra of low-luminosity X-ray sources in the solar neighborhood. These results agree with the studies of the hard (17-60keV) component using the IBIS telescope onboard of INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) by Krivonos et al. (2007a) . We refer to the contribution of low luminosity (in X-rays) stellar sources to the GRXE as stellar GRXE.
This seems to suggest that the nature of the GRXE has finally been solved. However, there is still plenty of room, especially in the central degree of the Galactic plane, for a contribution from a diffuse scattered component to the GRXE, which we refer to as scattered GRXE. The scattered X-rays will follow the distribution of gas in the Galaxy with a scale height of 80 pc (0.6
• at a distance of 8 kpc), in contrast to a stellar emission characterised by a scale height of 130 pc (1
• at a distance of 8 kpc) (Dehnen & Binney 1998; Binney & Tremaine 2008) . We therefore do not expect a significant contribution from the scattered emission in the field of view of Revnivtsev et al. (2009) at latitude b = −1.42
• , but it is possible, in an optimistic model of Galactic X-ray luminosity, for the scattered component to dominate the stellar component at |b| 0.5. A significant contribution from scattered diffuse X-rays is therefore not ruled out by current observations, and it is an interesting question to ask what its contribution from scattering of luminous X-ray sources might be.
An important feature of the scattered component is that since the scattered X-rays travel a longer path to reach us from the original source, the X-rays seen by us today have contribution from the cumulative past X-ray activity of the Galaxy. This implies that even sources currently undergoing a low quiescent phase may contribute to the average Xray Galactic output had they experienced a higher level of activity in the past. An important example is the supermassive black hole Sgr A * situated at the Galactic center, which currently radiates at least eight orders of magnitude below its Eddington limit with a quiescent 2 − 10 keV luminosity of ∼ 10 33−34 ergs/s (e.g. Narayan et al. 1998; Baganoff et al. 2003) . The scattering of the hard X-ray continuum radiation of Sgr A * by an individual molecular cloud (Sgr B2) was first observed by Revnivtsev et al. (2004) . Studies of the recent history of Sgr A * 's activity through the reflected X-rays from the massive molecular clouds in its vicinity (first proposed by Sunyaev et al. (1993) and followed by Koyama et al. (1996) Clavel et al. (2013) ) suggest that the source experienced much more luminous phases in the past than currently observed (see Ponti et al. (2013) for a review). In this paper we ignore the contribution of this source and focus only on the contribution of XBs (see Appendix B for a discussion of its possible contribution compared to that of XBs). Grimm et al. (2002) calculated the 2−10 keV luminosity of Galactic binary sources averaged over the period 1996-2000. They give the average luminosity of LMXBs to be 2−3×10 39 ergs/s and that of HMXBs to be 2−3×10 38 ergs/s from RXTE All-Sky Monitor (ASM) data. The total luminosity of the GRXE is currently estimated at ∼ 1.39 × 10 38 ergs/s in the 3 − 20 keV band ) and 3.7 ± 0.2 × 10 37 ergs/s in the 17 − 60 keV energy range ) with a spectrum in the 3-20keV band with a photon index Γ ∼ 1.2. For a Thomson scattering optical depth of ∼ 1% in the ISM through the Galactic plane, we would expect the contribution to the GRXE from the scattered radiation to be ∼ 10 37 ergs/s, or about 10% of the observed luminosity. In contrast to the stellar GRXE, this ∼ 10% scattered contribution to the luminosity is concentrated in a much narrower region in the Galactic plane, giving a higher relative contribution to the local surface brightness. The sample of bright X-ray binaries we use in the calculations is incomplete, however, as is clear from a significant deficit of sources farther out than the Galactic center in the Grimm et al. (2002) sample. There is also significant uncertainty in the distances of most of the sources. Moreover, we expect many high-luminosity transients in the Galaxy with luminosities 10 38 ergs/s, which are active for only few % of the time. Such transients would contribute to the observed scattered flux today but would not be present in the current sample if they were inactive at the time of observations.
A better estimate of the average X-ray luminosity of the Milky Way is possible by considering the relation of LMXB and HMXB populations with other Galactic properties such as the stellar mass (M ) and the star formation rate (SFR). The long evolutionary timescales of the low-mass donor star imply that LMXBs are expected to follow the older stellar population, while the short lifetime of the high-mass donors in HMXBs means that they should trace the younger stellar population of the Galaxy. Grimm et al. (2002) pointed out that we should therefore expect a relationship between the LMXB luminosity and M on the one hand and between the HMXB luminosity and the SFR of a galaxy on the other. Grimm et al. (2003) and Gilfanov (2004) extended these studies to other galaxies which were followed by Ranalli et al. (2003) , Colbert et al. (2004) , Persic & Rephaeli (2007) , Lehmer et al. (2010) and Mineo et al. (2012) and up to redshift z ∼ 1.3 using 66 galaxies in Mineo et al. (2014) . The study of these relations in other galaxies avoids issues of incompleteness and distance uncertainties, which are important in the study of local XBs. These studies assume a linear relationship between the total 2-10 keV luminosity L 2−10keV X of LMXBs and HMXBs and the total M and SFR of the galaxy respectively, that is
Estimated values for the proportionality factors are α ∼ 8 × 10 28 erg/(s M ) (Gilfanov 2004 ) and β ∼ 2.2 − 2.6 × 10 39 erg/(s M yr −1 ) Shtykovskiy & Gilfanov 2005; Lehmer et al. 2010; Mineo et al. 2012) .
The Milky Way is therefore subluminous in LMXBs by a factor of ∼ 2, consistent with the original results of Gilfanov (2004) , and by a factor of ∼ 30 in luminosity of HMXBs compared with the other galaxies. The large discrepancy for the HMXBs may be explained if we take into account that there is a delay of 10 6 − 10 7 years between the time of starburst and appearance of HMXBs (Gilfanov 2004; Shtykovskiy & Gilfanov 2007) , corresponding to the evolutionary timescale of the donor star, which implies that the relevant SFR is not the present SFR, but the SFR of a million years ago. However, if we assume, optimistically for our purpose, that the discrepancy is caused by the incompleteness of the observed sample and the short lifespan of X-ray astronomy of about 50 years, it is possible that we happen to live in a time where the observed X-ray luminosity of our Galaxy is below average and that if averaged over a time-scale of 10 3 −10 4 years our Galaxy would turn out to have an average luminosity consistent with that observed in other galaxies.
The X-ray luminosity of most galaxies including our own is dominated by a few extremely bright sources, and different sources may be the main contributors at different times. Existence in the past of a few ultra-luminous X-ray sources (ULXs) with luminosities of 10 39 − 10 40 erg/s, as observed in some star-forming galaxies, would significantly affect the scattered component, making it significantly brighter (Khatri & Sunyaev in prep.) . Therefore such a strong temporal fluctuation is plausible. This is also supported by the scatter of more than an order of magnitude in the luminosity-SFR relations (Mineo et al. 2014) and by the broad probability distributions for the X-ray luminosity at low star formation rates .
For a Milky Way stellar mass of 6 × 10 10 M (McMillan 2011) and star formation rate of ∼ 1M /yr (see for example Robitaille & Whitney 2010) we should expect, under this assumption and based on above studies, an average LMXB luminosity of 5 × 10 39 ergs/s and HMXB luminosity of 2 − 3 × 10 39 ergs/s. These estimates are higher by a factor of ∼ 2 (for LMXBs) and a factor of ∼ 10 (for HMXBs) than the values, respectively, quoted by Grimm et al. (2002) .
In this optimistic case, we expect that in the Galactic plane almost 50% of the contribution to the GRXE might come from the scattered radiation. The observation of this thin component of the GRXE would therefore allow one to test this hypothesis.
The true luminosity probably lies somewhere between these two extremes. We consider both a Monte Carlo population of XB sources based on Eq. 1 to study the most luminous optimistic case, and a catalog of XB sources with known distances and spectral parameters from RXTE/ASM and INTEGRAL surveys to place a lower bound on the contribution of this effect.
We also take into account the coherent or Rayleigh scattering of the X-ray radiation on multi-electron species such as H2, He, and heavy elements. Rayleigh scattering significantly increases the GRXE flux especially when the scattering angles are small. This applies to the scattering from the HMXBs, which lie mostly in the plane of the Galaxy. Details of the effect of Rayleigh scattering are discussed in Appendix C. Molecular clouds are thus very important and would be detected as regions of high X-ray intensity in the GRXE. The compact nature of molecular clouds additionally boosts the scattered intensity, with molecular clouds evident as luminous features in the maps. These features are clearly seen in our maps of diffuse scattered component of the GRXE using the data from Boston University-Five College Radio Astronomy Observatory Galactic Ring Survey (Jackson et al. 2006) .
The stellar component of the GRXE will also be scattered in the ISM and will form part of the scattered GRXE. We expect this component to be subdominant and to contribute only ∼ τ ∼ 1% to the GRXE. For completeness we explicitly calculate and include this component. The scattering of isotropic CXB, on the other hand, cannot be observed if we ignore the small change in the spectrum of X-rays due to loss of energy to electron recoil in Compton scattering and does not need to be taken into account. We therefore leave the detailed calculation of scattering of CXB on cold atomic and molecular gas for a future publication (Molaro et al. in prep.) .
Galaxy model
The gas in the interstellar medium in the disk of the Galaxy has a multiphase character (McKee & Ostriker 1977) loosely classified into atomic (neutral or ionized) gas and molecular gas, with the atomic gas further classified into cold neutral medium (CNM), warm neutral medium (WNM), warm ionized medium (WIM) and hot ionized medium (HIM) (see Kalberla & Kerp 2009 , for a recent review), while a significant part of the molecular gas is concentrated in giant molecular clouds (GMCs). Most of the mass in the neutral atomic gas is confined to the disk of the Galaxy and is clearly traced by HI 21 cm emission. The maps of the HI 21 cm emission in the Galaxy (Kalberla et al. 2005; McClure-Griffiths et al. 2009 ) can only provide the total column density in parts of the sky, for example toward the Galactic center, where the velocity information cannot be used to infer the three-dimensional gas distribution. The CNM, which contains most of the HI, is clumped into clouds that have a volume filling factor of ∼ 10 − 20% in the plane of the Galaxy in the solar neighborhood (Kalberla & Kerp 2009 ). Any given line of sight should therefore intersect many clouds, making the column density much smoother. A smooth disk model therefore suffices for our calculation and we use the models of Dehnen & Binney (1998) and Binney & Tremaine (2008) for the HI gas distribution.
The situation is slightly different for molecular clouds. The GMCs, mainly concentrated near the Galactic center and in the spiral arms, have sizes of ∼ 10 − 100 pc and average densities on the order of 10 2 − 10 3 cm −3 with mean separation between the clouds 10 times the mean size (Blitz 1993; McKee & Ostriker 2007) , giving a volume-filling factor in the plane of the Galaxy of ∼ 0.1%. They are therefore compact enough to significantly influence the morphology of the X-ray signal. The full-sky maps of the molecular gas distribution using CO lines (Dame et al. 2001) do not resolve and provide distances to individual clouds (Dame et al. 2001 ), although high-resolution studies of many important GMCs are available. Recently, high-resolution data with kinematic distances have been made available from the Boston University-Five College Radio Astronomy Observatory Galactic Ring Survey (GRS) (Jackson et al. 2006; Rathborne et al. 2009; Roman-Duval et al. 2009 , which covers the very important molecular ring structure in the inner Milky Way. We use these data to predict the Xray scattering signal in the longitude range 18
• ≤ ≤ 55.7
• and latitude range −1
Although GRS covers only a 10% of the Galactic plane, the results are easily extendable to and are valid for the full sky, and in particular clearly show the spatial morphology and features in the GRXE expected from the molecular clouds.
ISM distribution
The total ISM mass in both atomic and molecular form within a Galactocentric radius R 20 kpc of the Galaxy is approximately 9.5 × 10 9 M (Kalberla & Kerp 2009) , with hydrogen (HI and H2) accounting for 71% of this mass. The ratio of average atomic to molecular gas is 4.9 within R 20 kpc (Draine 2011) , giving a total HI mass of 5.6×10 9 M and a total H2 mass of 1.15 × 10 9 M within this radius. Because of the incompleteness of the GRS, we use a smooth disk model for the mass distribution of HI and H2 for full Galactic plane calculations with the above normalizations and use H2 data from the GRS (Jackson et al. 2006; Roman-Duval et al. 2009 for calculations limited to the longitude range covered by the survey. The latter case is used to study the effect of clumpiness and small volumefilling factor of the molecular clouds on the observed X-ray intensity morphology (see Section 5.5) .
The average density distribution of the interstellar HI gas in the Galactic disk can be described by an exponential disk (Dehnen & Binney 1998; Binney & Tremaine 2008) . The ISM mass density distribution at a Galactocentric distance R and Galactic plane height z used in this model is given by
with parameters R m = 4kpc, R d = 6.4 kpc and z d = 80 pc. The lack of HI gas in the central region of the plane, due to the central depression of radius 4 kpc in the HI disk, is compensated for by the concentration in this region of most of the H2 component, which gives a significant fraction of the scattering at low longitude values. The average H2 distribution in the Galaxy is given by Misiriotis et al. (2006) as
with parameters R H2 = 2.57 kpc and z d = 80 pc as in Eq. 2. We also account for the concentration of matter in the Galactic disk into spiral arms. This is particularly important because HMXBs are also concentrated in the Galactic spiral arms: the combined effect of concentration of HMXBs as well as atomic and molecular clouds in these structures means that we expect an enhancement of scattered X-ray intensity in the directions tangential to the spiral arms. We describe the spiral structure of the Galaxy following the prescription given in Vallee (1995) , where the location of the density wave maxima of the nth spiral arm is given by
where m = 4 is the total number of spiral arms, p = 12
• (inward) is the pitch angle and R 0 = 2.5 kpc. We have verified that the line of sights tangential to the spiral arms in the model are consistent with the location of the tangential directions based on different observations, as summarized in Vallée (2008) . We model the density around the spiral maxima as a Gaussian probability distribution with respect to the projected distance from the spiral arms' maxima on the Galactic plane d: where the typical width w of the spiral arm is assumed to be 500 pc for the gas component. The density of the wave is assumed to be three times higher than the inter-arm density (Levine et al. 2006) . The overall density distribution including the spiral structure is therefore given by
for both ρ H = ρ HI and ρ H = ρ H2 . The distribution of gas in the Galaxy in our model is shown in Fig. 1 . We assume constant abundances for heavier elements throughout the Galaxy with abundances taken to be same as the presentday solar photosphere from Asplund et al. (2009) .
Distribution of X-ray binaries in the Galaxy
Observed XBs distribution We use time-averaged Xray flux measurements from different surveys to compile a catalog of X-ray binary sources with known flux and position in different energy bands (2-10keV and 17-60keV) 1 . References for distance estimates for each source are taken from the SIMBAD database.
For the energy range 17 − 60keV we combine different INTEGRAL surveys Lutovinov et al. 2013 ) from which we select 86 LMXB and 70 HMXB Galactic sources for a total 17-60keV luminosity of 1.97 × 10 38 erg/s and 6.2 × 10 37 erg/s, respectively, for which distance and best-fit spectral parameters data are available. We also consider the contribution in this range of four very luminous extra-galactic HMXB sources (SMC X-1, LMC
1 The full catalog of sources used can be accessed from http: //www.mpa-garching.mpg.de/~molaro X-1, LMC X-4, IGR J05007-7047), which is, however, close to negligible.
For the lower energy range (2-10keV) we use the list of sources given in Grimm et al. (2002) 2 for which distance and flux measurements from RXTE/ASM, which provides all-sky flux measurements averaged over ∼ 5 yr, are available. We also use the relation L 2−10keV ∼ 0.5L 17−60keV valid for NS binary sources (Filippova et al. 2005 ) to infer the 2-10keV luminosity from the harder X-ray range catalog for 20 HMXB sources for which low-energy data are not available. In total, the number of sources considered in this energy range is 61 for the HMXBs, for a total 2-10keV luminosity of 5.5 × 10 37 erg/s, and 81 for the LMXBs, with a total luminosity of 2.56 × 10 39 erg/s. The energy output of these sources in the 3-20 keV range is modeled using a model spectrum (described below for the Monte Carlo sources) with a flat intensity spectrum and an exponential cutoff at 4.6 keV and 20 keV for the LMXBs and HMXBs, respectively. In the 17-60 keV range we use the best-fit photon index from Integral surveys (Krivonos et al. 2007b ) and in some cases from the literature on individual sources when the former is not available. In general, we expect variations in the photon spectrum in the 2-10 keV range from source to source and also with time. Given the uncertainties in the time-averaged spectral properties of Galactic X-ray binaries, our description of the average spectrum should be adequate. To turn the problem around, if the diffuse component of GRXE can be separated from point sources using high angular resolution observations, then the scattered GRXE measurement will directly give us the average spectrum of X-ray sources in the Galaxy, after correcting for the effect of energy dependence of Rayleigh scattering, which makes the scattered spectrum softer than the incident spectrum (see Appendix C) and the effect of X-ray absorption. The distribution of the catalog sources used in the calculations is shown in Fig. 1 as a projection on the Galactic plane and in Fig. 2 in the Galactic angular coordinates. A list of some of the sources responsible for the peaks in the scattered X-ray radiation is given in Appendix A in Table A .1.
Monte Carlo distribution
We simulate the optimistic case discussed in Section 2 by populating the Galaxy with a Monte Carlo simulated population of HMXBs and LMXBs. The probability density function (pdf) for the distribution of LMXBs in the Galaxy is taken to be proportional to the mass density of stars, whereas the pdf of HMXBs is taken to be proportional the mass density of the ISM; both the stars and ISM density distributions are modelled using the mass models in Dehnen & Binney (1998) and Binney & Tremaine (2008) (Eq. 2) with stellar disk parameters z d = 325 pc, R d = 2.5 kpc and R m = 0. HMXBs are therefore expected to be concentrated in the plane of the Galaxy, a fact that becomes important when we include the Rayleigh scattering at small angles on multi-electron atoms and molecules. We populate the Galaxy with 300 LMXBs and 100 HMXBs using Monte Carlo sampling from these distributions, which is consistent with observations taking into account the incompleteness of catalog at the low-flux end (Ritter & Kolb 2003; Liu et al. 2007 Liu et al. , 2006 . The sources are assigned luminosities sampled randomly from the luminosity functions of Gilfanov (2004) for LMXBs and Grimm et al. (2003) for HMXBs. The total 2 − 10keV luminosity of the Galaxy in our calculation is ∼ 4.7 × 10 39 ergs/s for simulated LMXBs and ∼ 1.7 × 10 39 ergs /s for simulated HMXBs, which is consistent with the expectations from observations of other galaxies Gilfanov 2004; Lehmer et al. 2010; Mineo et al. 2012 Mineo et al. , 2014 . As discussed in the previous section, we use the following typical spectrum for all the sources, but differentiating between LMXBs and HMXBs by assuming a softer spectrum for LMXBs and a harder spectrum for HMXBs in the 3-20 keV range:
with parameters α = 1, β = 20 keV for simulated HMXBs (Lutovinov et al. 2005a ) and α = 1, β = 4.6 keV for simulated LMXBs, which is a fit to the observed spectrum of GX 340+0 ).
Scattering of X-rays on atoms and molecules

Scattering cross-sections
Interaction of X-ray photons with light atoms is described by the following expression (see e.g. Eisenberger & Platzman 1970; Hubbell et al. 1975; Sunyaev & Churazov 1996; Sunyaev et al. 1999 , for detailed discussion):
where ω 1 and ω 2 are the photon energy before and after the scattering, ∆E if and ∆ω = ω 1 − ω 2 denote the energy change in the atom or molecule and in the photon, respectively, i and f are the initial and final states of the system, q is the change in the photon momentum and r j is the coordinate of the jth electron. Depending on the final state of the system after the interaction, the processes are classified as Rayleigh or elastic scattering, involving a change in the direction of the incoming photon at constant frequency (i = f ), Raman scattering, resulting in the excitation of the bound electron (f = excited state), and Compton scattering, resulting in the ionization of the atom or molecule (f = continuum state).
These cross-sections, which involve the scattering of radiation off electrons bound in atomic or molecular hydrogen, helium, and other heavy atoms and molecules, include additional effects compared to scattering off free electrons due to the discrete energy levels that they occupy and their distribution over momentum from quantum mechanical effects (Eisenberger & Platzman 1970; Sunyaev & Churazov 1996; Vainshtein et al. 1998) . The latter in particular implies that the energy of the scattered photon is not unambiguously constrained by the scattering angle, and therefore that the Klein-Nishina (KN) formulation for the singly differential scattering cross-section is no longer sufficient. One of the most commonly used methods in computing the interaction is the impulse approximation (IA) applied to the doubly differential cross-section, which is relevant in the case of a change in the photon energy much larger than the binding energy (Eisenberger & Platzman 1970; Sunyaev & Churazov 1996) . The singly differential case, on the other hand, can be computed by implementing the corrections to the KN formulation via an incoherent scattering factor S(x) (Bergstrom et al. 1993) , such that
where θ is the scattering angle and x(θ) is the momentum transfer. For heavier atoms or molecules, the most relevant differences with respect to HI scattering are found at small angles due to elastic scattering. In the presence of Z electrons in the system, these can coherently scatter the photon, enhancing the scattering at small angles, where the change in energy of the photon is weak, by a factor of Z 2 . Furthermore, the range of angles and energies at which the elastic scattering remains dominant increases with additional electrons due to the decreasing characteristic size of the electron distribution, D. The condition that the elastic scattering dominates is in fact determined by qr j 1, which in the small-angle approximation can be rewritten as θ2πD/λ 1, where λ is the photon's wavelength (Sunyaev et al. 1999 ). The range of scattering angles over which Rayleigh scattering dominates, however, rapidly decreases with increasing energy. The enhancement of the total scattering cross-section due to coherence effects therefore mostly contributes to the scattering in the softer energy band (see Appendix C).
The computation of the elastic and inelastic cross sections for atoms is computed using the routines from the publicly available library, xraylib (Schoonjans et al. 2011) , which uses results from Hubbell et al. (1975) . For molecular hydrogen, which has a characteristic size of the electron distribution similar to that of HI, we approximate the scattering cross-section by including a factor Z 2 = 4 for elastic scattering and a factor of 2 for inelastic scattering to the HI cross section, which was shown by Sunyaev et al. (1999) to be a reasonable approximation. Heavier elements included in the calculations are chosen based on their fractional contribution to the elastic scattering cross-section. Ranking heavier elements by their maximal contribution to Rayleigh scattering (proportional to Z 2 ×n Z /n H ), we include contributions from He, O, Fe, C, Ne, Si, and Mg in addition to H (see Table C .1). Scattering on H2 and helium is especially important for HMXBs, whose X-rays have paths to us with small scattering angles, resulting in significant enhancement of X-ray flux than for HI. The contribution from all other elements combined would be lower than ∼ 1%. In principle, the scattering from molecules such as CO and water would be, in addition, enhanced in the Rayleigh scattering regime because of coherent scattering from all atoms in the molecules, and should be taken into account in a precise calculation. For example, in CO the cross section in the Rayleigh limit will be 196× Thomson in the molecule, compared with 100× Thomson if the two atoms were separate. Given the uncertainties in the fraction of elements in molecules and the depletion of elements in dust, in addition to the uncertainties in metallicities in different regions of the Galaxy, such a precise treatment is not warranted at this stage, and we ignore these otherwise important effects.
ISM volume emissivity
The total volume emissivity per steradian, XBs , of the gas due to illumination by Galactic X-ray binary sources at a distance s from the observer along the line of sight (l, b) is given by
where the sum is computed over the X-ray sources i and elements Z contributing to the scattering, R i is the distance of source with luminosity L i from the scattering point, (dσ/dΩ) is the differential scattering cross-section including Rayleigh and Compton scattering, and n Z is the number density distribution of the element Z. The total differential cross-section is computed as a function of the position along the line of sight s as well as of the radiation energy, since the angle at which radiation from a given source is to be scattered to reach the observer will depend on the position at which the scattering occurs. Because of the low optical depth, the contribution of radiation that undergoes multiple scatterings before reaching the observer is assumed to be negligible. The volume emissivity per unit solid angle in the Galactic plane is plotted in Fig. 3 using observed data. From Eq. 10 we expect proximity zones near individual sources where the flux peaks sharply, as clearly seen in Fig. 3 . Scattering of X-rays in these proximity zones will result in X-ray halos around each source, similar to the dust halos observed around many X-ray sources (Overbeck 1965; Trümper & Schönfelder 1973; Rolf 1983; Predehl & Schmitt 1995) at angles < 1 • but extending to much larger angles. The profile is sharply peaked if the source is in the Galactic plane and the slice through the plane crosses the source. If, on the other hand, the source is above or below the plane, the profile is broader, as expected from the geometry. LMXBs dominate in the center of the Galaxy because they are concentrated in the bulge, while in the disk and near the spiral arms HMXBs are dominant.
Results
The contribution of the scattered intensity is expected to be significant at low latitudes where the interstellar gas is concentrated. We therefore present the results in the form of longitude profiles of the total scattered intensity along the Galactic plane (b = 0
• ), in energy ranges 3 -10, 10-20, 17-25 and 25-60 keV, chosen to allow comparison with the RXTE and Integral observations of GRXE and future observations of Nuclear Spectroscopic Telescope Array (NuS-TAR) (Harrison et al. 2013 ) and hard X-ray telescopes onboard Astro-H (Tajima et al. 2010 ) and ART-XC onboard Spectrum-RG (Pavlinsky et al. 2008) satellites. We furthermore distinguish between the contribution of HMXBs and LMXBs for both real (Fig. 4) and Monte Carlo sources (Fig.  7) .
From the profiles it is easy to distinguish the contribution of HMXBs along the Galactic disk and of LMXBs around the Galactic bulge; for the hard-energy range the contribution of LMXBs, with a softer average spectrum than for HMXBs, significantly decreases. The halos of scattered radiation in the proximity of bright sources are also visible: the sources contributing the most to the scattering component are marked and are clearly detectable as peaks in the profile, with sharper peaks for sources in the Galactic plane and broader peaks for sources significantly above or below the plane. When the line of sight crosses a source the sharpness of peaks is limited by the angular resolution of the calculation, which is 5 . The LMXBs make a broad feature toward the Galactic center from superposition of several luminous sources, while the HMXBs contribute mainly in the Galactic disk. At the low-energy end the LMXBs dominate over the HMXBs, while at the highenergy end the contribution of the HMXBs to the GRXE becomes similar to that of the LMXBs, because the total GRXE emission in each band is proportional to the total luminosity of the corresponding X-ray sources in that band. The profile drops sharply toward the Galactic anti-center, reflecting the decrease in ISM column density.
3 Current observations of the GRXE do not have a high enough angular resolution to allow a direct comparison with the scattered profile. We therefore make use of the relation between the GRXE emission and the Galactic stellar distribution first studied in Revnivtsev et al. (2006) to compare the diffuse scattered component with the GRXE of stellar origin.
Contribution of the scattered component compared with the stellar emission
To quantify the relative contribution of the ISM scattering with respect to the stellar emission, we use the relation between the GRXE's surface brightness and the extinctioncorrected near-infrared emission found by Revnivtsev et al. (2006) (I 3−20keV (10 −11 erg s −1 cm −2 deg −2 ) = 0.26×I 3.5µm (MJy/sr)) and Krivonos et al. (2007a) (F 17−60 keV = (7.52 ± 0.33)×10
−5 F 4.9µm ) for the 3-20 and 17-60keV ranges, respectively. The full-sky infrared maps are available from the Cosmic Background Explorer's Diffuse Infrared Background Experiment (COBE/DIRBE) experiment. We use the zodi-subtracted mission average map Fig. 3 : Profiles of the volume emissivity per deg 2 in our direction on the Galactic plane due to the observed sources used in our calculations, at different distances from the Galactic center (Sun's position (-8 kpc, 0, 0.015 kpc)). Units were chosen so that if this emissivity is integrated over 1 kpc it is numerically equal to the observed flux. Proximity effects in the vicinity of sources are clearly visible. The concentration of LMXBs in the Galactic bulge results in a steady decrease in the overall profile of the volume emissivity from these sources away from the Galactic center. This is not the case for HMXBs because of their distribution along the Galactic disk. Discontinuities in the LMXBs profiles in the positive y-range are caused by temporal constraints in the illumination of its surroundings by the very bright source GRS 1915+105 (located at (−0.27kpc, 7.83kpc, −27pc)), which was not observed during 1970-1992 and is assumed to have been absent before 1992. available on the LAMBDA archive at http://lambda. gsfc.nasa.gov. To account for interstellar extinction in the infrared data, we use the method followed in Krivonos et al. (2007a) based on the assumption that the ratio of intrinsic surface brightness in different infrared bands is uniform over the sky. This in effect is equivalent to the assumption that the average spectrum of the infrared sources is the same in all directions, or that the average relative population of different types of stars in different regions of the Milky Way is the same. The 'true value' of the ratio under this assumption can be estimated from the lines of sight at which the extinction is negligible and the contribution from the extragalactic sources is not important. We use this method because most of the publicly available extinction maps account for the total extinction in our Galaxy and are useful only in the case of extra-Galactic sources. For the Galactic sources the extinction, in addition to direction, would also depend upon how far away the sources are from the observer. The extinction coefficient for emission at wavelength λ can be calculated, following Krivonos et al. (2007a) , as
where the "true" value of the ratio is estimated by averaging all measurements for 1 • around b ∼ 30 • and A λ /A V values are taken from Rieke & Lebofsky (1985) . The stellar component of the GRXE estimated in this way is also shown in Figs. 4 and 7.
Scattering of the stellar component
The X-ray emission from the low-luminosity stellar sources will also be scattered by the ISM, adding to the diffuse scattered X-rays from X-ray binary sources. This effect can be accounted for by considering the scattering by the ISM of the observed GRXE, assumed to be of stellar origin. We use the models for the three-dimensional luminosity of the bulge and disk components of the GRXE based on infrared distribution of the Galaxy given in Revnivtsev et al. (2006) for the 3-20 keV range and apply it to the 17-60keV range by normalizing the distribution to the GRXE luminosity in this range as measured by Krivonos et al. (2007a) . For the harder range we also assume the same ratio between the disk and bulge luminosity of ∼ 2.5 measured in the 3-20 keV range. This ratio is consistent with the disk-to-bulge stellar mass ratio and therefore implies a uniform GRXE emissivity per unit stellar mass throughout the Galaxy. The bulge component is described by
where
with x 0 = 3.4 ± 0.6 kpc, y 0 = 1.2 ± 0.3 kpc, z 0 = 1.12 ± 0.04 kpc with the x − y axes on the Galactic plane rotated by an angle α = 29 ± 6
• . The disk component, on the other hand, is described as Ratio of scattered X-ray radiation (including HMXBs, LMXBs, and near-infrared-inferred low-luminosity sources) to the near-infrared-inferred GRXE profile for real sources for the energy ranges (from top to bottom) 3-10 keV, 10-20keV, 17-25keV, and 25-60 keV. The average spectrum of the LMXB sources in our calculations is significantly softer than the GRXE spectrum observed by RXTE and Integral Krivonos et al. 2007a) . As a result, the contribution of the scattered component to GRXE decreases at energies above 10 keV. The volume emissivity per unit solid angle due to scattering of this radiation at a distance s from the observer in the line of sight (l, b) is then given by
where ρ GRXE is given in units of erg/cm 3 , d(x, y, z, s) is the distance from any point (x, y, z) in the Galaxy to the scattering point, and f (E) is the normalized spectral energy density taken from the GRXE spectrum given in Revnivtsev et al. (2006) and Krivonos et al. (2007a) .
We show the contribution of this effect as an additional component to the longitude profiles given in Figs. 4 and 7 . In the 3-20 keV energy range, the luminosity of GRXE is ≈ 1.4 × 10 38 ergs/s , which is lower than the luminosity of LMXBs (≈ 2.43 × 10 39 ergs/s), but higher than the luminosity of HMXBs (≈ 9 × 10 37 ergs/s), and this is clearly reflected in the contribution to the scattered X-ray intensity in Fig. 4 . In the 17-60 keV energy range, the luminosity of the GRXE is 3.7 × 10 37 ergs/s , which is a factor of ∼ 5 lower than the luminosity of LMXBs (1.9 × 10 38 ergs/s) and a factor of ∼ 2 lower than the luminosity of HMXBs (6.2×10 37 ergs/s). We therefore expect the scattering of the stellar component of the GRXE from the ISM to be subdominant, and this is evident in Fig. 4 . The ratio of scattered X-rays to the GRXE inferred from near-infrared data is shown in Fig. 5 . The diffuse scattered X-rays contribute 10 − 30% over most of the Galaxy with a contribution as high as 40% near the luminous sources in the 3-20 keV energy range. The diffuse component in the 17-60 keV range contributes, on the other hand, ∼ 10% or less. This is low but still non-negligible.
We calculate the luminosity/sr radiated in our direction from within a given latitude and longitude range in the sky dΩ (as opposed to the isotropic luminosity) for both the stellar GRXE and the scattered GRXE component as follows:
where the total volume emissivity due to scattering (s, ν) includes the contribution from both XB (Eq. 10) and lowluminosity stellar source (Eq. 14) components. The luminosity/sr profiles are plotted and compared in Fig. 6 . The scattered radiation is on average ∼ 10% as luminous as the stellar component of the GRXE in the inner ∼ 1 • of the Galactic plane.
Optimistic case: Monte Carlo simulated sources
To consider the possibility that the current data significantly underestimate the average total luminosity of all the X-ray sources in the Galaxy, we use the Monte Carlo population of sources described below in the 3-20 keV range. The 2-10 keV luminosity of LMXBs, as discussed earlier, is 4.7 × 10 39 ergs/s, which is a factor of two higher than that of current data. The 2-10 keV luminosity of HMXBs is 1.7 × 10 39 ergs/s, which is almost a factor of 50 higher than what is currently observed. Compared with other galaxies, our Galaxy is therefore significantly underluminous see e.g. Grimm et al. (2003) , Lehmer et al. (2010) , Mineo et al. (2012) and Mineo et al. (2014) ) even if we take a conservative star formation rate of 1M /yr. The results for scattered emission are shown in Fig. 7 in the form of longitude profiles at latitude b = 0
• . As expected, in this case the scattered X-rays from the XBs account for almost all of the GRXE in the Galactic plane. This is clearer in the ratio of total scattered to observed GRXE shown in Fig. 8 . Furthermore, recent estimates of the SFR in the Galaxy (Chomiuk & Povich 2011) seem to suggest a higher SFR (∼ 1.9M /yr) than assumed in this work, which would imply an even higher discrepancy between the observed and expected luminosity of HMXBs. The contribution of scattered HMXBs could therefore be even higher than predicted by our simulated sample.
The observation of the diffuse component of the GRXE therefore provides a test of the hypothesis that our Galaxy is on average significantly more luminous than the current observations of the X-ray sources in the Galaxy suggest.
Comparison with the deep survey region of Revnivtsev et al. (2009)
The results of previous sections may seem to contradict the results of Revnivtsev et al. (2009) , who resolved 80% of the GRXE into point sources. However, their field of view was located at latitude b = −1.42
• . As discussed earlier, the scale height of the ISM is much lower (∼ 0.6
• ), and therefore we expect the diffuse component of the GRXE to be significantly smaller at this latitude. We plot the latitude profile at l = 0.08
• corresponding to the observation direction of Revnivtsev et al. (2009) and compare the GRXE profile inferred from near-infrared data (see Fig. 9 ). The scattered X-rays at b = −1.42 make up only 5% of the GRXE. Even in the optimistic case considered in the simulated population of sources, when the X-ray luminosity of the Galaxy is much higher, the diffuse contribution is ∼ 26%. There is a coincidence here that a luminous Monte Carlo source lies nearby, giving a higher than average flux in this direction: the contribution on the other side of the Galactic plane at b = 1.42
• is ∼ 16%. This is consistent with the results of Revnivtsev et al. (2009) . Therefore a significantly higher X-ray luminosity of Milky Way is allowed by current observations. The hypothesis that the average X-ray luminosity of our Galaxy is significantly higher than indicated by current data can be tested by studies similar to that of Revnivtsev et al. (2009) , but conducted in the Galactic plane.
Recently, Morihana (2012) and Iso et al. (2012) have claimed that the resolved fraction in this field of view may be closer to 50%, allowing for a significantly larger contribution from the diffuse component. The analysis of Suzaku satellite data by Uchiyama et al. (2013) also allows for a contribution from the scattered radiation to the GRXE consistent with our predictions for the simulated optimistic case.
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Effect of the compactness of molecular clouds on the morphology of the diffuse GRXE
The GRS provides data for the spatial distribution, size and average density of 750 molecular clouds in the Galactic plane in the latitude range −1
• and the longitude range 18
• . This survey covers a part of one of the most significant concentrations of molecular gas in the Galaxy that is roughly distributed in a ring-like structure about 4 kpc from the Galactic center (Stecker et al. 1975; Cohen & Thaddeus 1977) , although it may just be a spiral arm misinterpreted as a molecular ring (Dobbs & Burkert 2012) . We assume that the density of each individual cloud is constant throughout the object. The total H2 mass of the clouds in the GRS is 3.5 × 10 7 M .
We account for the absorption of X-rays in the molecular cloud using photoabsorption cross-sections from Morrison & McCammon (1983) . Scattering of X-rays from XBs on molecular clouds, which contain only a fraction of the total gas, gives a significant but patchy contribution to the GRXE. Part of the reason for this is that molecular clouds are dense and occupy a small volume (and angular area on the sky). Locally, along the lines of sight that intersect molecular clouds, they dominate the much smoother contri- Fig. 10 : Maps of diffuse X-ray emission from the ISM with HI modeled as a smooth disk and H2 using data from the Galactic Ring Survey in the energy ranges 3-10 keV (top panel), 10-20 keV (middle panel) and 17-60 keV (bottom panel). Giant molecular clouds are immediately evident. bution from HI. In addition, there is a factor of 2 enhancement over atomic hydrogen (with same number density of H atoms) because of Rayleigh scattering for small scattering angles. We show the results after including the molecular clouds in the GRS instead of smooth distribution of molecular gas in Fig. 10 . The molecular clouds are very obvious in these maps. This is even clearer in the latitude profiles shown in Fig. 11 along the direction tangent to the ScutumCrux spiral arm of the Milky Way and the longitude profiles shown in Fig. 12 . Even at relatively high latitudes, the molecular clouds are able to significantly contribute, locally, to the GRXE. This suggests that at high angular resolution, where we can resolve the molecular clouds, there should be significant fluctuations in the diffuse component of the GRXE, which would encode information about the distribution of molecular clouds in the Galaxy. The comparison of their contribution to the near-infrared-inferred GRXE is given in Fig. 13 . The molecular clouds are evident as narrow peaks on small scales, in addition to broader peaks from the presence of luminous X-ray sources, and locally they are responsible for an increase of a factor of more than 2 in the diffuse component of GRXE compared with the average background. We compare in Table 1 the results for the scattered flux from molecular clouds with the Advanced Satellite for Cosmology and Astrophysics (ASCA) (Tanaka et al. 1994 ) measurement of X-ray flux in the field of view of giant molecular clouds (GMC) (Cramphorn & Sunyaev 2002 ). The ASCA measurements provide an upper limit to the X-ray flux that might be produced by the scattering process. The scattered X-ray component is well below the limit set by ASCA. The X-ray telescopes Chandra and XMM-Newton (and Athena+ in the future) are significantly more sensitive • . In this region between 80 and 90 % of the GRXE has been resolved into point sources (Revnivtsev et al. 2009 ). Percentages quoted show the fractional contribution of the diffuse GRXE component in each case. Because of the coincidental presence near this field of view of a luminous simulated source, we also quote the same value on the other side of the Galactic plane in the case of Monte Carlo sources.
than ASCA, which observed the giant molecular clouds in the Galactic plane for a relatively short time. 
Contribution of LMXBs and HMXBs to the X-ray heating of the ISM
The competition between the different heating (e.g. from irradiation, cosmic rays, turbulent dissipation) and cooling processes (e.g. atomic lines such as CII,OI, Ly-α) plays (1978) and Wolfire et al. (2003) and CXB is also shown. The X-ray ( 1 keV) contribution dominates compared with the cosmic rays (assuming the same energy density as the solar neighborhood) in a significant part of the Galaxy. 0.012 (a) Flux as measured by ASCA (upper limit) (b) XB scattered flux in the field of view of the cloud a crucial role in determining the multiphase structure of the interstellar medium, formation of molecular clouds and star formation (Pikel'Ner 1968; Field et al. 1969; McKee & Ostriker 1977; Wolfire et al. 1995; Spitzer 1978; Cox 2005; Snow & McCall 2006; McKee & Ostriker 2007) . The contribution of soft X-rays with energies 1 keV has been taken into account in standard calculations (Wolfire et al. 1995 (Wolfire et al. , 2003 assuming a quasi-homogeneous (smoothly varying with distance from the Galactic center) X-ray background. The heating from the soft X-rays, however, is confined to the outer layers of the clouds where they are almost completely absorbed. The harder X-rays at energies 1 keV can, on the other hand, penetrate the interiors of the HI and molecular clouds. X-ray binaries are the strongest sources of X-rays at these energies in galaxies similar to the Milky way, and should therefore have a significant effect on the structure and chemistry of the ISM. The contribution to the ISM heating from these sources should be highly variable both in space, for the obvious reason of the rapid decrease of the source's X-ray flux with distance, and in time, because of the transient nature of most X-ray binaries.
The energy deposition rate from X-rays at a point in the Galaxy is given by
where the sum computed is over the X-ray sources i, R i is the distance of the source to the point of absorption and L i is its luminosity, σ abs is the photoelectric absorption crosssection given in Morrison & McCammon (1983) , the sum Z over heavy elements includes O, Fe, C, Ne, Si, Mg, σ abs,Z is the analytic fit to the partial photoionisation cross-section of the n = 1, l = 0 state of element Z as given in Verner & Yakovlev (1995) , Y Z is the K-α yield, E K−α,Z is the energy of the K-α line, and n Z /n H is the relative abundance for solar abundance estimates considered in Morrison & McCammon (1983) . Above 10 keV we use the partial K-shell ionization cross-sections of Fe and Ni, which dominate the absorption cross-section at these energies. We plot the energy deposited by photoabsorption of Xrays in Fig. 14 as profiles along the x-axes for different cuts along the y-axes in the Galactic plane, with coordinates for the Galactic center at (x, y) = (0, 0) and position of the Sun at (x, y) = (−8, 0) kpc. Not all the energy absorbed from the X-rays will go into heating the clouds, as some of it will be radiated away as low-energy photons coming from excitations and ionization and subsequent recombinations of atoms (Shull & van Steenberg 1985) . The conversion of the X-ray energy into heat will in particular be most efficient if the ionization fraction is large so that most of the initially absorbed energy is dissipated via distant electron-electron collisions and not through excitations. In addition, most of the initially absorbed X-ray energy (minus the energy that escapes via the fluorescent K-α, β lines of Fe and Ni) will be converted in heat if the hydrogen column density or the dust opacity is so high that photons with energy Ly-α or higher ( 10.2 eV) cannot escape. For the discussion below we assume, for the sake of comparison, that one or more of these conditions holds and that most of the X-ray energy is absorbed. In reality, the fraction will vary significantly depending upon the local conditions (Shull & van Steenberg 1985) .
For reference we plot the heating rate from CXB using the spectral fit of Gruber et al. (1999) and integrating up to 60 keV, although the contribution from energies 10 keV is negligible. In addition to the photoabsorption, hard X-rays also transfer energy to the gas when they Compton-scatter on electrons, both free and bound in hydrogen and helium, through the recoil effect. The average energy transferred by a photon of energy E is E×E/(m e c 2 ), where m e is the mass of the electron and c is the speed of light in vacuum (see e.g. Pozdnyakov et al. 1983 ). The average energy deposition rate is therefore given by Γ recoil = dEF X σ KN E/(m e c 2 )(1 − 2.2E/(m e c 2 )), where F X is the specific X-ray flux in units of (ergs/s/cm 2 /keV) and σ KN is the Klein-Nishina cross-section; we include the lowestorder Klein-Nishina correction to the average recoil energy. For solar metallicity, taking log Fe = 7.52 normalized to log H = 12 used in Morrison & McCammon (1983) , the heating from recoil dominates the heating from photoabsorption at ≈ 28 keV. For CXB the contribution of the recoil effect to the heating rate is ≈ 4×10 −32 ergs/s/electron, counting free electrons as well as those bound in hydrogen and helium and in the outer shells of heavier elements. In general, therefore, we expect the recoil effect to be negligible, but it might become important in the vicinity of the hard X-ray sources. The CXB, in contrast to X-ray binaries, uniformly heats the intergalactic medium everywhere. The energy density in CXB peaks around z ∼ 0.7−1 (Ueda et al. 2003; Hasinger et al. 2005; Barger et al. 2005 ) and its contribution is therefore more important in high redshift galaxies.
An important point to note is that the area of influence of luminous sources extends quite far, up to a few kpc away from the source for the most luminous sources. These heating rates need to be compared with the heating rate from the cosmic rays estimated to be, on average in the solar neighborhood, Γ CR ≈ 10 −28 erg/s/HI and also with typical heating rates from photoelectric heating by dust grains. The X-ray heating is comparable with and even stronger than the cosmic ray heating (assuming a solar neighbourhood energy density) in a significant part of the Galaxy and may be higher than other heating mechanisms typically considered. The optimistic case, where the X-ray luminosity of the Milky Way is scaled to match the activity in the other galaxies, is shown in Fig. 15 using the Monte Carlo sources. The X-ray heating dominates over the solar neighbourhood energy density of cosmic rays in almost the whole Galaxy and if Milky Way activity in the past was close to this level, X-ray heating would have played an important role in the energetics of the different phases of the ISM. The star-forming galaxies have a much higher X-ray luminosity than even this optimistic case for the Milky Way and the X-ray heating therefore very likely plays a crucial role in the evolution of their ISM.
Conclusions
Weak X-ray sources such as cataclysmic variables (CVs) and coronally active binaries are currently believed to be the main contributors to the GRXE. We investigate the scattering by the interstellar medium of X-rays produced by Galactic X-ray sources as a possible truly diffuse component of the GRXE emission. We include contributions from coherent scattering from molecular hydrogen, helium and heavy elements in addition to the atomic hydrogen. The scattering of X-rays from luminous sources results in bright regions around the sources, the proximity zones, similar to the dust halos, but extending to much larger scattering angles than the 1 • for dust halos. The scattered photons from the ISM originating in the known X-ray binary sources and stellar sources in the Galaxy are able to contribute, on average, 10 − 30% of the flux currently identified as GRXE in the Galactic plane. The profile of the scattered intensity follows the distribution of gas in the Galaxy with a scale height of 80 pc (0.6
• at 8 kpc distance), which is much sharper than the profile of stellar distribution with a scale height of ∼ 130 pc. Therefore we expect the stellar point sources to dominate away from the Galactic plane, while the scattered X-rays would be concentrated within the central 1
• of the plane. Molecular clouds locally enhance the scattered intensity, imprinting their morphology on the GRXE. The coherent scattering by electrons in the molecular hydrogen operates on a comparatively wide range of scattering angles at low energies than at high energies, making the scattered spectrum softer than the incident spectrum (see Appendix C).
We also find that the X-rays from the luminous binary sources contribute significantly to the heating rate in the interstellar medium, especially in the interiors of the clouds where the UV or softer X-rays are unable to penetrate. This important effect has so far been ignored in the standard studies of the multiphase ISM (McKee & Ostriker 1977; Wolfire et al. 1995 Wolfire et al. , 2003 . This effect would be even stronger at high redshifts (z ∼ 0.7 − 1) where the CXB energy density peaks and is much higher than today as well as in star-forming galaxies, which have a much higher X-ray luminosity than the Milky Way.
We only calculate the X-ray flux integrated over particular X-ray bands because this will be more readily observable in reasonable observation time with telescopes in operation now or expected in the near future, such as NuSTAR (Harrison et al. 2013 ), Spectrum-RG/ART-XC (Pavlinsky et al. 2008) and Astro-H (Takahashi et al. 2010 ). There is additional information in the spectrum of the scattered emission that may help to distinguish between the scattered GRXE and stellar GRXE. Of particular interest in this regard is the emission of fluorescent lines of neutral elements such as iron, sulphur and silicon. We have also assumed that the sources are persistent. The transient nature of most X-ray binary sources as well as extreme events such as gammaray bursts and giant flares from magnetars will leave unique signatures in the morphology of the scattered GRXE. We will consider these effects in a separate publication (Khatri & Sunyaev in prep.) .
Compared with other galaxies, the Milky Way is underluminous in X-rays according to current observations. It is possible that the Milky Way is just going through a phase of low X-ray activity at present but was more luminous in the past. In particular, if the time-averaged luminosity of Milky Way is the same as inferred from averaged relations between X-ray luminosity and star formation rate/stellar mass of other galaxies, then the scattered component will on average contribute to more than 50% to the GRXE in the galactic plane and would dominate the stellar component in a significant part of the Galaxy. This hypothesis is allowed by current observations and is testable by observations of the Galactic plane with high angular resolution and sensitivity, similar to the study by Revnivtsev et al. (2009) below the Galactic plane. Table A .1: List of sources responsible for peaks in the longitude and latitude profiles, ranked by 2-10keV luminosity. 
Appendix B: Contribution of Sgr A * As discussed in Sect. 2, the past activity of the currently low quiescent source Sgr A * might have significantly contributed to the cumulative X-ray output of the Galaxy, and hence to the diffuse GRXE component. In Fig. B.1 we show the minimum luminosity required for the flux from this source to outshine the contribution of the entire XBs population at different positions on the Galactic plane, estimated as
Near the Galactic center, a luminosity of 10 37 ergs/s from Sgr A * would be enough to become comparable with the illumination from X-ray binaries. On the outskirts of the Galaxy, on the other hand, Sgr A * , or some other ultra-luminous source near the Galactic center, can be ignored as long as its luminosity is 10 39 − 10 40 ergs/s. If we know the star formation rate and the mass of a galaxy, we can estimate the X-ray luminosity contributed by the X-ray binaries and similarly find when the AGNs contribute more than the X-ray binaries to the heating of the gas in other galaxies with AGNs.
In Fig. C.1 we illustrate the energy dependence of the scattering cross-section for the case of H2 scattering. In Fig.  C.2 and Fig. C.3 we highlight the additional effects caused by bound electrons by showing the ratio of contributions from H2 and He with respect to the free electrons. The energy dependence of Rayleigh scattering is clearly evident. At high energies, Rayleigh scattering operates only on a very narrow range of scattering angles and the total scattering cross-section approaches the Klein-Nishina cross-section. At low energies, coherent Rayleigh scattering results in the enhancement of the cross section for a significant range of scattering angles, resulting in a higher average scattering rate of low-energy photons. The average scattered spectrum is therefore softer than the average incident spectrum. The contribution of molecular hydrogen as well as helium and heavier elements is compared in Table C .1 in the Rayleigh scattering limit (0
• scattering angle). The elements heavier than helium contribute 10% in this extreme case, and the actual contribution when suitably averaged over different scattering angles would be smaller than the values in the table. Table C .1: Elements according to maximal contribution to Rayleigh scattering if all hydrogen is in atomic form (or molecular form, given in parentheses). n H is the total number density of hydrogen atoms in HI or H2 form. Solar photospheric abundances from Asplund et al. (2009) e for the scattering angle θ and r e is the classical electron radius. The enhancement of Rayleigh scattering caused by coherence effects is clearly visible at low energies. While the cross section remains constant with energy at angles close to zero, the contribution of Rayleigh scattering is shown to quickly decrease with increasing energy. Compton scattering is also suppressed by relativistic effects. and LMXBs (right column) scattered along the Galactic plane (b = 0) by H2 (top row ) and He (bottom row ) to the intensity that would be scattered if all electrons were unbound. The range of scattering angles over which the Rayleigh scattering dominates the scattering cross section depends on the characteristic size of the electron distribution in the atom or molecule, which differs for different elements and molecules (see section 4.1). This leads to a nonlinear dependence of the ratio of cross sections for different elements and molecules on the scattering angle. At each longitude many different scattering angles contribute, corresponding to the relative position of the X-ray sources w.r.t. the gas along the line of sight, resulting in the apparent longitudinal dependence of the ratio profiles.
